Picosecond time-resolved IR-UV pump-probe spectroscopy has been carried out to elucidate vibrational energy relaxation (VER) of the NH stretching vibrations of 2-aminopyridine monomer (2AP) and dimer [(2AP) 2] in supersonic beams. In bare 2AP, intramolecular vibrational energy redistribution (IVR) of the NH vibrations is described by the two-bath mode model, in which the initial vibrational energy flows to the doorway states rapidly (6.5 ps) and then dissipates into the dense bath states with a time constant of Ϸ20 ps. No clear difference was observed in the IVR lifetime between the symmetric and asymmetric NH 2 stretch modes. In (2AP)2, IVR and vibrational predissociation (VP) were involved in VER. It was found that the rate constants of both IVR and VP of the hydrogen-bonded NH stretching vibration are larger than those of the free NH.
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hydrogen bond ͉ IVR ͉ vibrational predissociation ͉ time-resolved spectroscopy V ibrational energy relaxation (VER) plays a crucial role in the reactions of chemical, biological, and physical systems, because the reactions initiated by the excitation of a quantum state or a specific site are accompanied by VER (1, 2) . Thus, VER has been well studied for several decades in condensed phase (3) (4) (5) (6) (7) , as well as in the gas phase (7) (8) (9) (10) (11) (12) . In condensed phase, molecules excited to a specific vibrational level redistribute the vibrational energy very rapidly within the molecules. This process is called intramolecular vibrational energy redistribution (IVR). After IVR, the molecules experience vibrational energy transfer into the solvent molecules and intermolecular modes (6) . In the gas phase, VER processes have been studied at the microscopic level by using bare molecules and clusters cooled in molecular beams (13) (14) (15) (16) . For electronic excited molecules and clusters, a variety of laser spectroscopic works have been carried out for the study of VER, such as the measurements of fluorescence spectra (11, 13) and time profiles of pump-probe methods (14) . For the molecules in the electronic ground state, studies on VER have been performed mostly in frequency domain (2, 8, 15) , and the time-domain studies have not been carried out so much until very recently. In 2001, we first reported a study on IVR of the OH stretching vibration of jet-cooled phenol by picosecond IR-UV pump-probe spectroscopy (16) . Since then, we have been studying VER of X-H (X ϭ O, N, C) stretching vibrations of aromatic molecules and their clusters. In this study, we report on VER of 2-aminopyridine (2AP) and its dimer [(2AP) 2 ] in supersonic beams.
The electronic states of 2AP have been well studied by many researchers (17) (18) (19) (20) because of the interest in the coupling between the * and n* states. In addition, 2AP is thought to be a simple model molecule of nucleobase, namely cytosine (21) (22) (23) (24) . Recently, Schultz and coworkers (21) measured the lifetime of the S 1 (*) state of 2AP clusters and found that the lifetime of (2AP) 2 is remarkably short. They proposed that the formation of the dimer pair accelerates internal conversion of S 1 and that the same mechanism will be applicable to the short S 1 lifetime of the DNA base pair.
In this study, we report on the dynamics of the NH stretching vibration of 2AP and (2AP) 2 in the electronic ground state. 2AP has the symmetric ( s , 3,441 cm Ϫ1 ) and asymmetric ( a , 3,548 cm Ϫ1 ) NH 2 stretching vibrations (25) . We investigate the mechanism of the IVR process and determine the time scale for these two modes. As to (2AP) 2 , there is a center of inversion symmetry, and the frequencies and motions of the NH stretching vibrations drastically change from those of the monomer. (2AP) 2 exhibits two IR active modes: the H-bonded NH stretch (3,319 cm Ϫ1 ) and the free NH stretch (3,529 cm Ϫ1 ) (25) . The large change in the vibrational frequencies should affect the IVR mechanism. These vibrational energies are higher than the H-bonding energy (2,700 cm Ϫ1 ) of (2AP) 2 (25) . Therefore, the vibrationally excited (2AP) 2 can relax by vibrational predissociation (VP). Here, we apply picosecond IR-UV pump-probe spectroscopy to 2AP and (2AP) 2 and compare the results with those of our previous work on aniline and phenol to find a general rule of VER of the X-H stretching vibration.
Picosecond IR-UV pump-probe spectroscopy is one of the most powerful tools for investigating VER of gas-phase molecules. Details of the experimental setup were described in previous articles (16, (26) (27) (28) (29) (30) . The energy levels of 2AP and (2AP) 2 with the IR-UV pump-probe scheme are shown in Fig. 1 a and b , respectively. Jet-cooled 2AP and (2AP) 2 are generated by supersonic expansion of 2AP vapor seeded in He carrier gas through a pulsed nozzle. The free jet is skimmed, forming a molecular beam. The molecules in the supersonic beam are excited to the NH stretching level ( NH ) by a tunable picosecond IR pulse. The population of the vibrationally excited molecules is monitored by a picosecond UV pulse through 1 ϩ 1 resonance-enhanced multiphoton ionization (REMPI) via the S 1 state. The ions (m/z ϭ 94 and 188) are mass-analyzed by a 50-cm time-of-flight tube and are detected by an electron multiplier. The 1 ϩ 1 REMPI spectra from the initial NH level and doorway states {l} show well resolved sharp bands, whereas those from dense bath states {bath} exhibit a broad continuum as a result of the overlap of many transitions. Therefore, the population of NH , {l} and {bath}, can be observed separately from each other by tuning the UV laser to a proper frequency. The time profile of the population is measured by changing the delay time between the IR and the UV pulses. The tunable IR and the UV pulses were generated by the Optical Parametric Generation/ Optical Parametric Amplifier systems pumped by a mode-locked picosecond Nd 3ϩ :yttrium/aluminum-garnet laser. The bandwidth of UV light was 5 cm Ϫ1 , and that of the IR light was 15-20 cm Ϫ1 . The pulse widths of the pump IR and probe UV lasers were determined to be 12 ps by cross-correlation measurement. The pump-probe signals were convoluted by using the time profiles of the pulses. , respectively, from the frequencies of the band origin and the NH vibrations. Here, I indicates the inversion mode of the amino group (17) . Those bands disappear rapidly with increasing delay time. In the case of a excitation (Fig. 2b) , no sharp transition from the a level, such as ( a ) 1 0 , is seen at the expected position. Instead, several peaks that cannot be assigned to the transition from the s level appear when the two laser pulses are overlapped. We found that this feature is caused by nonresonant ionization, which will be discussed. Missing of the ( a ) 1 0 band can be explained by the symmetry. As in the case of aniline, the NH 2 stretching vibrations are localized motions (see the vector motion in Fig. 2 a and b) . Then, s and a belong to the a 1 and b 2 species, respectively, if we regard 2AP as a C 2v molecule. Then, the ( a ) 1 0 transition becomes symmetry (or Franck-Condon) forbidden. Actually, we did not observe the ( a ) 1 0 band in aniline (28) . In both the REMPI spectra, a broad continuum is seen at the UV frequency higher than 31,800 cm Ϫ1 , and its intensity increases with increasing delay time. This continuum is observed in all of the aromatic molecules investigated (12, (26) (27) (28) (29) and assigned to the vЈ-vЉ transitions from the redistributed states (vЉ) generated by IVR. As will be shown later, the density of states in the region of X-H (X ϭ C, N, O) is more than 200/cm Ϫ1 , many transitions from the redistributed levels are overlapped, and the spectrum displays the broad continuum. The reason why the vЈ-vЉ transitions appear in the lower-frequency region of the band origin is that most of the vibrational frequencies decrease after the * electronic excitation in aromatic molecules. Peaks marked by asterisks in the spectra are caused by the irregularity of the probe UV intensity at these positions.
Results and Discussion
The time profiles obtained at several UV frequencies after the IR excitations of s and a are shown in , show rapid decay. The profiles observed by monitoring the broad continuum exhibit monotonous rise and reach a plateau at longer delay times. We first reproduce the time profiles by single exponential decay and rise functions with time constants of k decay (ϭ 1/ decay ) and k rise (ϭ 1/ rise ), respectively,
and
The time constants obtained by the least-square fitting of the convoluted curves with the pulse duration of 12 ps are also shown in Fig. 2 .
The decay rate constant of s was obtained to be 1.5 ϫ 10 11 s
Ϫ1
(ϭ 1/6.5 ps), where we took an average of the decay time constants of ( s ) 1 0 and (
. The time constants obtained for the rise curves are different at monitoring UV frequencies. We found that this discrepancy comes from the presence of nonresonant ion signal. Fig. 3a shows the IR spectra observed at different delay times, where the probe UV frequency is fixed to 33,270 cm Ϫ1 , corresponding to the broad continuum. The NH 2 stretching vibrations are clearly resolved when the delay time is fixed to 60 ps, whereas the broad feature appears when the delay time is 0 ps. Then, we measured the time profiles of pump-probe signal with and without the IR laser frequency resonant to the NH 2 stretching vibration (Fig. 3b) . As seen in Fig. 3 , an enhancement is seen even if the IR frequency is not resonant to the NH 2 vibrational transition. The time profile of this nonresonant signal can be reproduced as a cross correlation of the two pulses, which means that this signal occurs only when the two laser pulses are overlapped. Therefore, the pump-probe rise curve includes the nonresonant signal, and it is necessary to subtract this part from the rise curve (Fig. 3b , solid circles) for obtaining the true time constant. The k rise value obtained after this subtraction is 5 ϫ 10 10 s Ϫ1 . We carried out the same procedure for all of the pump-probe curves and obtained k rise ϭ 3 ϫ 10 10 to 5 ϫ 10 10 s Ϫ1 , which is independent of the vibrational mode within the experimental error. Although the origin of this nonresonant ion signal is not clear, a possible explanation is the enhancement by UV-IR (2 ϩ 1Ј) ionization through high-lying Rydberg states, the scheme of which is described in the Fig. 3c legend.
Mechanism of IVR: Two-Bath Mode Model and Prediction of the Doorway
State. From the analysis described above, we obtained k decay (ϭ 1/ decay ) ϭ 1.5 ϫ 10 11 s Ϫ1 (ϭ 1/6.5 ps) for the s population decay, and k rise (ϭ 1/ rise ) ϭ 3 ϫ 10 10 to 5 ϫ 10 10 s Ϫ1 (ϭ 1/20 to 1/33 ps) for the profile of broad continuum. Thus, the time constant of the population decay of the initial level is not equal to that of the population increase of the dense bath states. This discrepancy cannot be explained by the one-bath mode model in which the IR-pumped level is coupled directly with dense bath states. In this case, the value of k decay should be equal to that of k rise . This disagreement was also observed in aniline (28) . Thus, in aniline and 2AP, IVR of the high-frequency vibrational modes is described by the two-bath mode model instead of the one-bath mode model (Fig.  1a) . In the two-bath mode model, the vibrational energy put to the IR active level initially flows into the specific states {l} called doorway states (31, 32) (first IVR), with the rate constant of k 1 (ϭ 1/ 1 ). The energy further dissipates to the dense bath states (second IVR), {bath}, with a rate constant of k 2 (ϭ 1/ 2 ). The validity of the two-bath mode model was suggested in our previous studies on IVR of OH stretch of phenol (26) and NH 2 stretch of aniline (28, 29) . Actually, in the case of the IVR of the OD stretching vibration of phenol-d 1 , we directly observed the doorway state (27) .
In the two-bath mode model, the time profile of the initial state is expressed as follows,
where I 0 indicates the initial population excited to the s level, and A( UV ) is the frequency-dependent intensity factor. The time profiles of the doorway states, I doorway (t, UV ), and the dense bath states, I bath (t, UV ), are,
The rate constant of the first step (k 1 ) is directly determined to be 1.5 ϫ 10 11 s Ϫ1 (ϭ 1/6.5 ps). The transition from the doorway state is expected to give sharp bands in the transient REMPI spectra, and its time profile exhibits the rise and the decay expressed by Eq. 2b. However, we cannot see any sharp transitions attributable to the doorway states in the transient REMPI spectra of Fig. 1 a and b , so their intensities are thought to be very weak and overlapped with the broad continuum. Thus, we reproduced the time profile of the broad continuum after exciting s by the superposition of the curves expressed by Eqs. 2b and 2c, and the result is shown as the thick solid curve in Fig.  4 . Here, thin solid curves correspond to the time profiles of Eqs. 2b and 2c, respectively. We obtained k 2 ϭ 4.3 ϫ 10 10 s Ϫ1 (ϭ 1/23 ps) by a least-square fitting procedure. Although this curve fitting with Eq. 2c provides the best result, we found that even a simple fitting with a single exponential rise function provides a reasonable result. That is, we obtained k 2 (ϭ k rise ) ϭ 4.5 ϫ 10 10 s Ϫ1 (ϭ 1/22 ps) by the fitting with Eq. 1b. This value is good enough by taking account of the uncertainty of the obtained values (Ϯ15%). The result indicates that the contribution of I doorway (t, UV ) and the second term in Eq. 2c to the broad continuum is very small. The rate constants obtained for the first and the second IVR process are listed in Table 1 . We also carried out similar analysis for a . In this case, we could not obtain k 1 , and only the k 2 value is listed. We do not have a clear explanation for why we could not observe the UV transitions from the doorway states. A possible explanation is that those transitions have very small Franck-Condon activity in the region observed in this study.
Comparison with IVR of the Other System. In Table 1 , the rate constants obtained for 2AP are compared with those of the NH 2 stretch of aniline (28) and the OH stretch of phenol (26) . Also listed is the density of states, , in the energy region of these vibrations. For phenol and aniline, the values of have been provided in previous articles (26, 28) . For 2AP, we calculated by the direct counting method by using the fundamental frequencies obtained by the density functional theory (DFT) method at the B3LYP/ccpVTZ level with the Gaussian 03 package (33) . We used a scaling factor of 0.9627 to reproduce the frequencies of s and a . In Table  1 , we first see that the value of k 1 for s of 2AP is 2.7 times larger than that of aniline. Because the values of are not so different between them, this difference is explained by the larger '' s 7 doorway state'' anharmonic coupling of 2AP than that of aniline. Another noticeable point is that k 2 is smaller than k 1 in 2AP, and the same tendency is seen in aniline, although the value of k 2 has large uncertainty. Interestingly, this situation is quite different from the phenolic OH stretching vibration (i.e., k 2 is much larger than k 1 ).
We consider that this difference is attributed to the characters of the doorway states. In our previous works, we reported that the doorway state involves the CH stretch vibrations in the IVR of the phenolic OH stretch (26) . On the other hand, the CH mode does not play a part in IVR of the NH 2 stretch of aniline (29) . In addition, it is well known that the CH stretch is strongly coupled with the combination of the lower-frequency modes by Fermi resonance. This coupling controls rapid energy redistribution in the second step of the IVR process. Thus, we conclude that the existence or nonexistence of the CH stretching vibration in the doorway states leads to a large difference in the second IVR rate.
Analysis of Pump-Probe Time Profiles for (2AP)2.
The electronic spectrum and the IR spectra of (2AP) 2 have already been investigated by Wu and Brutschy (25) . The band origin of (2AP) 2 is located at 31,805 cm Ϫ1 , which is 1,661 cm Ϫ1 red-shifted from the monomer band origin. (2AP) 2 exhibits the H-bonded NH stretch at 3,319 cm Ϫ1 and the free NH stretch at 3,529 cm Ϫ1 . The binding energy of (2AP) 2 is estimated to be 2,700 cm Ϫ1 (25) , so the vibrationally excited dimer can dissociate via VP. Fig. 5 a and b show the transient 1 ϩ 1 REMPI spectra of (2AP) 2 observed after the excitation to the H-bonded NH and the free NH stretching vibrations, respectively. In both cases, the broad continuum caused by transitions from redistributed levels appears in the region lower than the dimer origin band at 31,805 cm Ϫ1 . Different from bare 2AP, the broad continuum disappears with the increasing delay time caused by VP. In (2AP) 2 , we could not observe the resonant transition from the NH stretch vibrational level, such as the ( NH ) 1 0 band. This is a result of the symmetry. (2AP) 2 belongs to the C i point group, and the dipole-allowed S 1 state is 1 A u . As to the symmetric species of the vibrational level, the IR active NH stretching vibrational level belongs to a u , and the zero-point vibrational level of S 1 belongs to a g . Thus, the Franck-Condon factor of the ( NH ) 1 0 transition is zero. Although we cannot observe the decay of the NH stretch level, we can investigate IVR and VP of (2AP) 2 by analyzing the time profile of the broad continuum corresponding to the population of dense bath states shown in Fig. 6 . The time profiles were independent of the probe UV frequencies. For analyzing the times profiles of (2AP) 2 , we used a two-step VER model (Fig. 1b) . As is discussed above, in bare 2AP, the time constant k rise ϭ 4.5 ϫ 10 10 s Ϫ1 obtained by Eq. 1b is almost equal to k 2 ϭ 4.3 ϫ 10 10 s Ϫ1 obtained by the two-bath mode model, because k 1 is much faster than k 2 . In addition, we reported that the first IVR step (k 1 ) is substantially accelerated by H-bonding (30) , which means that in (2AP) 2 the first IVR process ( NH 3 doorway state) is too fast to be observed with our laser pulse width (12 ps), and the rate-determining step of IVR will be the ''doorway state 3 dense bath state'' process.
Thus, we used the two-step VER model: the first step is the '' NH 3 dense bath state'' with a rate constant k 2 , and the second step is ''dense bath state 3 dissociation continuum'' (VP) with a rate constant k VP . Thus, we carried out the least-square fitting by using the following equation:
Another noticeable point in Fig. 6 is that each curve does not completely reach zero at longer delay time because of unavoidable fragmentation from higher clusters after the ionization. We reproduced this nonzero baseline by a step function, assuming that the fragmentation of the higher cluster is very fast. The time constants obtained are listed in Table 2 .
Effect of the Formation of an H Bond on IVR. As seen in Table 2 , k 2 is larger by a factor of more than five in the H-bonded NH stretch and by a factor of two in the free NH stretch than that of bare 2AP. Thus, the IVR process is greatly accelerated by the H bonding. This acceleration can be explained by the increase of the anharmonic coupling and the state density of the bath mode (6) . Then, we examined the latter effect by the direct counting of the vibrational levels of (2AP) 2 . The vibrational frequencies were obtained by the DFT calculation (B3LYP/cc-pVTZ level). Here, we used the same scaling factor as that of the monomer (0.9627), resulting in a frequency of 3,542 cm Ϫ1 for the free NH stretch and 3,221 cm Ϫ1 for the H-bonded NH stretch. Thus, the agreement between the calculated and the observed frequency (3,319 cm Ϫ1 ) is not so good for the H-bonded NH stretch because of the large anharmonicity (34) . Despite the disagreement, the present calculation is good enough for the qualitative examination of the effect of state density. For the state-density calculation, we took into account a symmetry restriction for IVR, because the matrix element of anharmonic coupling is nonzero only between the states with the same species. The state density obtained by the direct counting is 1.63 ϫ 10 8 and 3.63 ϫ 10 8 /cm Ϫ1 at the H-bonded and the free NH stretches, respectively. Thus, the state density of the dimer is Ϸ10 6 times larger than that of the monomer. On the other hand, the observed enhancement is a factor of five for the H-bonded NH stretch and two for the free NH stretch. The result indicates that the coupled levels that control the IVR rate are very much limited, and the total density of states is not so important. This conclusion is also supported by the fact that the state density at the free NH stretch region is larger than that of the H-bonded NH stretch region, which is opposite of the observed k 2 .
Mode Dependence of the VP Rates. Finally, we discuss VP rate constants of (2AP) 2 . From the decay profile of the broad continuum, we obtained k VP ϭ 3.6 ϫ 10 10 s Ϫ1 for the H-bonded NH stretch and k VP ϭ 2.5 ϫ 10 10 s Ϫ1 for the free NH stretch. These results are compared with those predicted by the RiceRamsperger-Kassel-Marcus (RRKM) theory (35) to examine whether VP occurs statistically. In this theory, the dissociation rate constant is given by the following equation,
where P(E) is the density of states of the dimer at the total energy of E, and G*(E Ϫ D 0 ) is the number of possible states of fragments at an available energy of E Ϫ D 0 . D 0 is the binding energy; we adopted the reported value of 2,700 cm Ϫ1 (25) . The calculated VP rate constant of (2AP) 2 , k RRKM , as a function of the excitation energy is shown in Fig. 7 . The k RRKM curve monotonously increases Fig. 7 . Plot of the VP rate constant of (2AP)2 calculated by RRKM theory as a function of excitation energy. The dissociation threshold is assumed to be 2,700 cm Ϫ1 ; arrows indicate the NH stretching bands excited in our experiment. Fig. 6 . Time evolutions of the transient broad continuum at several UV frequencies after exciting the H-bonded NH stretching (a) and the free NH asymmetric stretching vibrations of (2AP) 2 (b). The solid curves are the ones convoluted by using the rate constants listed in Table 2 . arb., arbitrary units. with the excitation energy. Because the energy of the free NH stretch is larger than the H-bonded NH stretch, one can immediately predict that k RRKM of the free NH stretch is larger than the H-bonded stretch. Actually, the values of k RRKM obtained are 1.1 ϫ 10 6 and 2.9 ϫ 10 6 s Ϫ1 for the H-bonded and free NH stretches, respectively. The absolute values of the calculated k RRKM are four orders of magnitude smaller than the experimental data. Moreover, the calculated result cannot reproduce even the order of the observed VP rate constant for the free and H-bonded NH stretches.
Such a disagreement between the VP rate constants observed and estimated by statistical theory has been reported by several systems (36) (37) (38) . In (HF) 2 , for example, the VP lifetime of the H-bonded HF stretch (3,868 cm Ϫ1 ) is 0.48 ns, whereas that of the higher-frequency free HF stretch (3,929 cm Ϫ1 ) is 20 ns (36, 37) . In the (HF) 2 case, the vibrational state density is very low, and the VP rate constant was estimated quantum mechanically by considering the overlap integral of the initial vibrational wavefunction and the translational wavefunction of fragments (39) (40) (41) . With the increase of excess energy, the overlap integral between the vibrational and translational wavefunctions becomes small, resulting in a smaller VP rate constant for energetically higher free HF stretch vibration. Ewing (41) suggested that the VP lifetime is proportional to the translational momentum of fragments, called the momentum-gap correlation. It is not clear whether this momentum-gap correlation can be applied to VP of (2AP) 2 because of the complexity of the cluster and the existence of IVR. However, it should be noted that the larger VP rate constant of the H-bonded OH stretch, compared with that of the free stretch, was also observed in the phenol dimer (16) . Thus, this tendency seems to be a common feature. Another possibility is that IVR is not completed before VP and the H-bonded X-H (X ϭ F, O, and N) stretch has some special route leading to the dissociation channel.
Conclusions
In this article, picosecond time-resolved IR-UV pump-probe spectroscopy has revealed the VER mechanism of the NH 2 stretching vibrations of jet-cooled 2AP monomer and dimer in the S 0 state. IVR of the NH 2 stretch of 2AP is described by the two-bath mode model. This mechanism was also observed for other systems, such as the phenolic OH stretch and the NH 2 stretch of aniline. However, the time scale of each IVR step is quite different for different systems, which may depend on the character of the doorway states. Of particular importance is that whether or not the doorway state involves the CH stretching vibration leads to a large difference in the second-step IVR rate; the second-step IVR is very fast in the phenolic OH stretch, in which the CH stretch is involved in the doorway state. On the other hand, the second step is relatively slow in aniline and 2AP, in which the CH stretch is not involved in the doorway state.
In (2AP) 2 , the observed enhancement of IVR by the H-bond formation is much smaller than that expected from the increase of the density of states, indicating an importance of anharmonic coupling. The H-bonded NH stretching vibration exhibits larger IVR and VP rate constants than those of the free NH stretch. The mode dependence of IVR can be described by the larger ''NH stretching vibration 7 bath states'' anharmonic coupling of the former mode than the latter. For VP, a simple statistical theory cannot explain the observed mode dependence of the rate constant, and other approaches, such as quantum theoretical or nonstatistical treatment, are suggested.
